Purpose: French-American-British (FAB) classification of acute leukemia with genetic heterogeneity is important for treatment and prognosis. However, the distinct protein profiles that contribute to the subtypes and facilitate molecular definition of acute leukemia classification are still unclear.
INTRODUCTION
Acute leukemia is a heterogeneous disease with distinct biological and prognostic groupings, and the accurate classification is critical for treatment and prognosis. Classification of acute leukemia began with the observation of variability in clinical outcome and subtle differences in nuclear morphology. With the introduction of French-American-British (FAB) classification in 1976 (1), diagnosis and classification have been based on cytomorphology and cytochemistry, which provide the basis for the classification of acute leukemia into those arising from lymphoid precursors [acute lymphoid leukemia (ALL)] or from myeloid precursors [acute myeloid leukemia (AML)]. FAB classification was further solidified by the techniques of immunophenotyping, cytogenetics, and molecular genetics (2) and has been improved over the past decades. The new WHO classifications of acute leukemia (3) are presently used more often in clinical settings, which combine the analysis of morphology, immunophenotyping, cytogenetics, and molecular genetics of acute leukemia cells. Still, the present leukemia classification remains imperfect, and errors do occur. Moreover, no single test is currently sufficient for establishing the diagnosis, and current clinical practice involves experienced hematopathologist's interpretation of the tumor's morphology, histochemistry, immunophenotyping, and cytogenetic analysis. The types of acute leukemia with the unknown cytogenetic abnormalilties in the new WHO classification system are still diagnosed according to FAB classification, and the molecular characteristics that contribute to the subtypes of FAB classification are still unclear.
The molecular definition of leukemia classification could facilitate development of a more systematic approach to leukemia classification, which could be achieved by the proteomic analysis of distinct protein profiles (DPPs) of leukemia. Recent technological advances in proteomics allow us for the first time to examine the expression profiles at the protein level on genome-wide scale, because the proteomic approach is being actively applied to the molecular analysis of various human cancers such as bladder (4) , colorectal (5), breast (6) , stomach (7) , and liver cancers (8) and leukemia (9) . Another approach of DNA microarray analyses also shows the feasibility of the molecular analysis, but it should be stressed that mRNA levels do not necessarily correlate with protein levels (10) , and disease-relevant information may also be hidden behind the changes in protein modification. In this study, we made a collection of 61 bone marrow samples obtained from de novo acute leukemia patients at the time of diagnosis, and attempted to create a set of "class predictor" by obtaining their typedistinct proteome. We showed the correlation of the typespecific DPPs with their corresponding FAB classification. Furthermore, our data have major implications with regard to delineating aberrant gene expression pathways underlying the pathogenesis of acute leukemia. In addition, these analyses may promote the identification of new targets for specific treatment approaches.
MATERIALS AND METHODS
Sources of Cells for Analysis. The leukemic cells were derived from bone marrow aspirates of a group of 61 patients ages 18 -64 years (median, 44 years) with acute leukemia at the time of initial diagnosis before chemotherapy, and consent was received from all of the patients. The diagnosis was made according to the FAB classification system on the basis of morphologic features and histochemical staining of cells with peroxidase, esterase, and type-specific fusion genes (such as PML/RARa and bcr/abl) was detected by reverse transcription-PCR in some cases. Of the 61 cases, there were 10 cases with M1, 10 cases M2, 11 cases M3 [7 cases M3a (big granules), 4 cases M3b (thin granules)] (11), 10 cases M4, 10 cases M5, and 10 cases ALL. Leukemic cells were obtained by Ficoll-Hypaque gradient centrifugation of heparinized bone marrow. Normal white blood cells (NWBCs) including normal lymphoctyes and granulocytes (mainly neutrophils) were isolated from peripheral blood of healthy volunteers (n ϭ 8) with gradient Percoll (Amersham Pharmacia Biotech, Uppsala, Sweden) according to the manufacturer's protocol. The two gradient bands (lymphocytes and monocytes primarily in the top band and granulocytes in the middle band) were washed in PBS. The monocytes in the top band were removed by plastic adherence, as described by Gemmell and Anderson (12) , and the nonadherent cells (lymphocytes) were collected as the normal lymphocyte sample and were washed with chilled PBS. The acute leukemia cells and NWBCs were pelleted in microcentrifuge tubes and were frozen at Ϫ80°C. Only samples with purity greater than 90% were submitted to subsequent two-dimensional electrophoresis analysis. The purity of the samples was determined by morphologic analysis under microscope.
Two-Dimensional Electrophoresis. Frozen cell samples were dissolved in lysis buffer (100 L per 10 7 cells), containing 40 mmol/L Tris, 7 mol/L urea, 2 mol/L thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-1 -propanesulfonate (CHAPS), 1% dithiothereitol (DTT), 1 mmol/L EDTA, 0.1 mg/mL RNase A, 0.1 mg/mL DNase, and 1ϫ protease inhibitor cocktail (Roche Diagnostic), additionally applying ultrasound for better solubilization. After centrifugation at 12,000 ϫ g (Eppendorf, Hamburg, Germany) for 30 min at 4°C, the supernatant was used as the two-dimensional electrophoresisl sample, and the protein concentration was determined by the Bradford method (13) with a commercial Bradford reagent (Bio-Rad Laboratories, Hercules, CA).
The protein samples were stored in aliquots and were frozen at Ϫ80°C until used. Two-dimensional electrophoresis was performed as described by GÖ rg et al. (14) with some modification. Briefly, 125 g (about 10 6 cells) of proteins for analytical gels or 0.6 to 1 mg (about 6ϳ10 ϫ 10 6 cells) of proteins for micropreparative gels was diluted to 350 L with rehydration solution [8 mol/L urea, 4% CHAPS, 0.5% immobilized pH gradient (IPG) buffer (Amersham Pharmacia Biotech)] and applied onto 18 cm (pH 3-10) linear immobilized pH gradient Drystrip (Amersham Pharmacia Biotech). The strips were rehydrated for 12 hours at 20°C. The proteins were then focused on the IPGphor system (Amersham Pharmacia Biotech) according to the manufacturer's protocol (15) . The strips were equilibrated for 15 minutes in a solution containing 65 mmol/L DTT, 6 mol/L urea, 30% w/v glycerol, 2% w/v SDS, and 50 mmol/L Tris-HCl (pH 8.8). A second equilibration step was also carried out for 15 min in the same solution except for DTT, which was replaced by 259 mmol/L iodoacetamide. Separation in the second-dimensional electrophoresis was carried out in the PROTEAN II Cell (Bio-Rad company) with a 13% SDS-polyacrylamide gel without a stacking gel at a constant current of 20 mA/gel for the initial 40 min and 30 mA/gel thereafter until the bromphenol blue dye marker reached the bottom of the gel. The samples from the same patient were run for at least two times, to determine the variability.
Protein Spots Visualization and Two-Dimensional Images Analysis. Silver nitrate staining according to the protocol of Pasquai et al. (16) and Coomassie Brilliant Blue R-250 (0.25% Brilliant Blue, 10% v/v acetic acid, 50% v/v methanol, destained in 20% v/v EtOH, 10% v/v acetic acid) was used for the analytical and micropreparative gels, respectively. The two-dimensional electrophoresisl images were captured with a ImageScanner (Amersham Pharmacia Biotech). Spot detection, quantification and alignment were performed with the ImageMaster 2D Elite 3.10 software (Amersham Pharmacia Biotech). A total of 50 spots were chosen as ubiquitously expressed reference spots to be used as landmarks for the alignment. Spot intensity volumes were normalized for every gel [(spot volume)/ ⌺(spot volumes) ϫ 10 4 ] (9) to correct for subtle variation in protein loading and gel staining between the gels to be compared.
In-Gel Digestion and Extraction of Peptides. After matching the micropreparative gel image with the analytical image, in-gel digestion was performed with a previously published protocol (17) .
Peptide Mass Fingerprinting by Matrix-Assisted Laser Desorption Ionization-Time-of-Flight-Mass Spectrometry. A saturated solution of ␣-cyano-4-hydroxycinnamic acid in 50% acetonitirile and 0.1% trifluoroacetic acid was used for matrix. One L of the matrix solution and sample solution with a 1-to-1 ratio were mixed and applied onto the target plate. All mass spectra of matrix-assisted laser desorption/ionization-timeof-flight-mass spectrometry (MALDI-TOF-MS) were obtained on a Bruker REFLEX III MALDI-TOF-MS (Bruker-Franzen, Bremen, Germany) in positive ion mode at an accelerating voltage of 20 kV. Monoisotopic peptide masses were used to search the database, allowing a peptide mass accuracy of 100 ppm and one partial cleavage. Oxidation of methionine and carbamidomethyl modification of cysteine were considered. The obtained peptide mass fingerprint were used to search through the SWISS-PROT and NCBInr database by the Mascot search engine. 3 Protein identification was repeated at least once with spots from different gels.
Peptide Sequencing by Tandem Electrospray Ionization Mass Spectrometry. Tandem electrospray ionization mass spectrometry (ESI-MS/MS) experiments were performed on a quadrupole (Q)-time of flight 2 (Q-TOF2) hybrid quadrupole/ TOF mass spectrometry (Micromass, United Kingdom) with a nanoflow Z-spray source. The mass spectrometer was operated in the positive ion mode with a source temperature at 80°C and a potential of 800-1000 V applied to the Nanospray probe. The database search was finished with the Mascot search engine 3 with Mascot MS/MS ion search. In addition, the amino acid sequences of the peptides were deduced with the peptide sequencing program MasSeq. To confirm whether the differentially expressed protein spot among different subtypes of acute leukemia was the same protein, the protein spot in different gels of the same subtype and different subtypes was identified, respectively.
The highly or specifically expressed proteins (the differentially expressed proteins) in myeloid, granulocytic, lymphoid lineage of acute leukemia, and M2, M3, or M5 subtypes of AML, as compared with other subtypes, were designated with the letters M, G, L, M 2 , M 3 , and M 5 , respectively. The highly or specifically expressed proteins in both M2 and M3 compared with other subtypes were designated with the letter M 23 . Differentially expressed proteins between acute leukemia and NWBCs (including normal granulocytic cells and normal lymphocytes) were designed with the letter N. The protein spots were numbered in the order in which they were discovered in our work.
Statistical Analysis. The statistical method of the Newman-Keuls test aimed at the identification of statistically significant differences in spot intensities among different samples. The spots of which the intensity was significantly upregulated by statistical analysis of the Newman-Keuls test or that were specifically expressed in one subtype (or acute leukemia cells) as compared with other subtypes of acute leukemia (or normal white blood cells) were regarded as differential expression. The Fisher exact test was performed for each of the differentially expressed proteins to compare the proportion of the proteins that showed each feature in the same subtype (or acute leukemia group) with the proportion that showed the feature in other subtypes (or normal control group). Differences were considered significant when the P value was Ͻ 0.05.
RESULTS
Purity of the Samples and Matching Rate of the TwoDimensional Maps. For the individual samples of acute leukemia included in the study, the percentage of leukemic cells separated by gradient centrifugation was more than 90%, and the percentage of normal lymphocytes or granulocytes was in the range of 90 to 95%, according to the morphologic analysis. About 1,200 spots could be detected on each two-dimensional electrophoresis gel by the auto-detect spots menu of ImageMaster 2-D Elite 3.0 software and manual clear-up. Approximately 95% of all spots were matched on duplicate gels (the gels of the same sample were produced, assyed, and processed in parallel.), and the intensity of the same spot from different gels showed no significant change. All maps of the different acute leukemia samples identified as the same subtype showed considerable similarity in their protein expression patterns, in which the matching rate ranged between 85 and 95%. Matching rate of the spots in two-dimensional electrophoresis gels among different types or subtypes of gels was about 60 to 70%. The pattern of protein profiling of M4 resembled that of M2 or M5 subtype of acute leukemia, corresponding to the composition of the cells of M4 subtype with granulocytic and monocytic blasts.
Protein Identification by Mass Spectrometry. One hundred twenty protein spots corresponding to 112 different proteins exhibited quantitative and qualitative variances that were significant (P Ͻ 0.05; the details not listed) and reproducible in different subtypes of acute leukemia and NWBCs, and were identified successfully by both MALDI-TOF-MS and ESI-MS/MS. We have identified the protein spots from different gels, and results showed that the identified protein spots were the same.
Some of the proteins, of which increased expressions were closely correlated with certain acute leukemia types or subtypes, are summarized in Tables 1 to 3 . The protein identification was reconfirmed by the ESI-MS/MS approach in addition to MALDI-TOF-MS. Fig. 1 shows the peptide mass fingerprint analyzed by MALDI-TOF-MS and the sequences analyzed by ESI-MS/MS on the protein spot N-11 (NM23-H1).
Differentially Expressed Proteins between Aute Leukemia and Normal White Blood Cells. The differentially expressed proteins in acute leukemia and NWBCs did not include those expressed differentially in certain subtypes of acute leukemia. We identified 41 spots corresponding to 31 proteins in acute leukemia cells, the expressions of which were altered significantly compared with NWBCs (some of them are shown in Table 1 ). Some of them are shown in Fig. 2A and B. Some proteins were down-regulated in acute leukemia cells compared with NWBCs. For example, the expression levels of regulatory myosin light chain-2 (MLC-2; spot N20) and regulatory myosin light chain-3 (MLC-3; spot N-19) were detected in normal lymphocytes, but not in ALL cells. Myeloid-related protein 8 (Mrp8; spot N-29) and Mrp 14 (spot N-27) showed about a 9-fold to a 14-fold decrease in AML cells compared with the normal neutrophils.
Differentially Expressed Proteins between Acute Myeloid Leukemia and Acute Lymphoid Leukemia. We identified a group of proteins the expressions of which exhibited lineage specificity with regard to certain types of acute leukemia. Twenty-nine spots identified as 27 proteins were differentially expressed between ALL and AML. Some of them are summarized in Table 2 . Among them, myeloperoxidase (MPO; spot M 23 -5) was already known to be specifically expressed in AML instead of ALL (11). We further found that the amount of MPO was abundant in M2 and M3 as compared with M1, and was less abundant in monocytic lineage (M5 subtype of acute leukemia) compared with granulocytic lineage (M1, M2, M3; Fig. 3A) . The expression levels of Mrp14 (spot M-6) and Mrp8 (spot M-7) were increased about 8-fold in AML cells compared with ALL cells. But they were much higher in normal granulocytes compared with those in AML cells, as described in the former section. Furthermore, the expression levels of them were 5-fold higher in M2 and M3 than in the M1 subtype. Some of the highly expressed proteins in ALL, compared with both AML and NWBCs, are shown in Fig. 3C .
Differentially Expressed Proteins between Granulocytic Lineage and Monocytic Lineage in Acute Myeloid Leukemia. Twenty-four protein spots identified as 23 proteins were found to express differentially between granulolcytic lineage (M1, M2, M3) and monocytic lineage (M5; some of them are shown in Table 2 ). NOTE. The calculation of experimental isoelectric point (pI) and molecular weight (M r ) was based on migration of the protein spot on two-dimensional gels. Differentially expressed proteins between acute leukemia and NWBCs were designed with the letter N. "ϩ" indicates the up-regulated proteins in AL. "Ϫ" indicates the down-regulated proteins in AL. A score more than 63 is significant (P Ͻ 0.05). The protein spots were numbered in the order in which they were discovered in our work.
Abbreviations: ID, identification; Theor, theoretical; Observ, observed; TNF, tumor necrosis factor. * The proteins that had been reported to be involved in leukemogenesis. NOTE. The calculation of experimental isoelectric point (pI) and M r was based on migration of the protein spot on two-dimensional gels. The highly or specifically expressed proteins in myeloid, granulocytic, monocytic, and lymphoid lineage of acute leukemia, as compared with other subtypes, were designated with the letter M, G, M 5 , and L, respectively. A score of more than 63 is significant (P Ͻ 0.05).
Abbreviations: ID, identification; Theor, theoretical; Observ, observed. * The proteins that had been reported to be involved in leukemogenesis. † The proteins that had been reported to be associated with acute leukemia classification.
Proteins Highly or Specifically Expressed in M2 and/or M3 Cases. Nine protein spots, corresponding to 7 proteins, were found to highly express in M2 and M3 rather than that in other acute leukemia subtypes (Table 3) . For example, proteinase 3 (spot M 23 -4, Fig. 3A) was not detected in M1 cases, but predominantly expressed in M2 and M3 subtypes. It was also found in 4 of 10 cases of M4 and 2 of 10 cases of M5. It was negative in all cases of ALL. Azurocidin (17) and cationic antimicrobial peptides (ref. 18 ; Fig. 3B ) were observed in M2 and M3 subtypes of AML and in normal neutrophils, but not in M1 subtype. The up-regulated proteins in M2 subtype, compared with other subtypes, are shown in Table 3 . Furthermore, 15 protein spots corresponding to 15 proteins, were found to be closely correlated to M3 subtype (Table 3) . For example, cathepsin G (M 3 -4) was observed in M3, but not in any other subtypes included in this study. NM23-H1 (N-11) was expressed at a lower level in M3 subtype than that in any other subtypes. We further showed that much lower expression of NM23-H1 in M3a (6 of 7 cases), almost as low as in NWBCs, was obviously different from that in M3b and other subtypes (The expression level of them showed an 8-fold to 10-fold increase compared with NWBCs.).
DISCUSSION
The proteomic approach is being actively applied to the molecular analysis of various human cancers such as bladder (4), colorectal (5), breast (6), stomach (7) cancers, and so forth. However, few have been reported on the type-specific proteomic analysis of acute leukemia. In this study, we have used proteomic profiling of human acute leukemia cells by twodimensional electrophoresis and MS to explore the DPPs for different types of acute leukemia. Because the classificationspecific DPPs contribute to the heterogeneity of acute leukemia with distinct biological and prognostic groupings, it could, therefore, facilitate the efforts to establish the molecular definition of acute leukemia classification, and to develop a more systematic approach to acute leukemia classification based on the DPPs. Furthermore, the distinct biological behaviors of different types of leukemia might be attributed to their altered proteome. Thus, the altered proteome implicates the mechanisms of type-specific biological behavior of leukemia.
Our results have shown the differentially expressed proteins in acute leukemia cells, as compared with the NWBCs, and the type-specific DPPs, which belong to myelocytic lineage of acute leukemia, granulocytic lineage of acute leukemia, ALL, and AML subtype (M2, M3, and M5), respectively. Among the highly expressed proteins in acute leukemia cells, as compared with NWBCs, some are already known to be involved in the process of malignant transformation [such as Op18 (19) , and NM23-H1 (20) ] and abnormal commitment to acute leukemia cell proliferation [such as proliferating cell nuclear antigen (20) , uracil-DNA glycosylase (21) , and proteasomes (22)], or were associated with antiapoptosis, such as high mobility group box 1 (HGMB 1), apoptosis inhibitor homologue (23) . TIP, the expression of which was elevated in acute leukemia, is another apoptosis-inhibitory factor (24) . When we considered that ras suppressor 1 is a negative regulator of G protein (25) , our data suggested that the up-regulation of G protein was correlated with down-regulation of ras suppressor 1, because both were observed in acute leukemia cells in this study. Some proteins involved in differentiation and physiologic functions of NWBCs were down-regulated in acute leukemia in this study, including MRP8, MRP14 (26) , which are involved in the maturing process and inflammatory responses of granulocytes, and MLC 2 (27) , and of MLC 3 associated with the functions of lymphocyte migration.
Our study discovered two sets of proteins that could be used to discriminate between ALL and AML ( Table 2) . These identified lineage markers of ALL or AML were known to have roles in different cellular functions, including tumorgenesis, signal transduction, transcription, and so forth. The currently known biology does not provide an imminent explanation for their specific connections with AML or ALL, with the exception of MPO. MPO is considered as the specific marker for AML, as already pointed out by Davey et al. (28) , and provides inherent resistance of myeloblasts to vincristine (VCR) by degrading VCR in the presence of hydrogen peroxide (29) . The other proteins identified to be expressed highly in AML compared with ALL, were known to have roles in drug-resistance [glyoxalase I (30) and phosphoglycerate kinase 1 (31) ]. UP1 (32) , up-regulated in AML, as compared with NWBCs and ALL, is known to promote telomere elongation and stabilization of telomere length, and to correlate with the immortalization of somatic cells, which implies that its high expression might contribute to the overgrowth of AML cells. The highly expressed proteins in ALL, such as Op18 and HSP 27, may be useful markers for ALL. Among them, the higher expression of Op18 in ALL compared with AML was also in agreement with other reports (33) .
We further performed proteomic analyses on the subtypes of AML: M1, M2, M3, M4, and M5, which are defined by their distinct morphologic features according to the FAB classification. We did not find the specific protein in M1 by our methods, which may be the limitation of the techniques we adopted. For example, the abundance of the specific protein in M1 is too low to be observed on the gel; or the specific proteins in M1 may be some membrane proteins that cannot be obtained by our method. We also found that a group of proteins were restricted to M1, M2, and M3 subtypes of the FAB category, and another set of proteins found to be absent in M1, were expressed specifically and highly in M2 and M3. Among them, the different expression levels of proteinase 3 in different acute leukemia subtypes agrees with the published reports (34) We identified the up-regulation of cathepsin G in M3 subtype as compared with other subtypes, which is consistent with the experiments that a significant decrease in cathepsin G expression occurred in M3 subtype cells undergoing terminal differentiation by the stimulation of all-trans retinoic acid (35) . NM23-H1 is a differentiation-inhibitory factor and was found up-regulated in all but M3a subtypes of acute leukemia compared with NWBCs. The M3 subtype was divided into M3a and M3b with clinical relevance according to the size of granules in cells (11) . M3a has a favorable prognosis as compared with other subtypes of AML. Therefore, NM23-H1 could be an important prognostic factor (36) .
Some identified proteins showed isoelectric point and M r shift from their theoretical values. Changes in isoelectric point and M r might be attributed to posttranslational modification of the proteins, such as protease digestion, glycosylation, and phos- phorylation. Such posttranslational modifications are usually required for proteins to fully perform their biological activities in vivo. Because of differential protein processing and posttranslational modifications, multiple protein isoforms of individual protein can be identified on two-dimensional gels. For example, the level of Op18 isoform (spot L-2) was highly elevated in ALL, but was reduced in other types of acute leukemia or absent in NWBCs. These findings suggest that the different protein isoforms may be correlated with specific features or functions of acute leukemia. Thus, they may provide useful diagnostic information and further indicate the need to identify the specific modifications underlying these specific protein isoforms.
The DPPs of different types of acute leukemia could reflect the origin and differentiation stage of the leukemic cells. Such proteins could provide diagnostic confirmation or clarify unusual cases. This point was illustrated by a recent clinical experience. The diagnosis for a patient was M3, according to the morphology with atypical granules in the blast cells of the bone marrow sample. However, the patient didn't respond to the differentiation-inducing therapy with all-trans retinoic acid or As 2 O 3 . We took the opportunity to apply the proteomic analysis method to the bone marrow sample from the patient. The twodimensional electrophoresis map of the sample showed features of M1, and the proteins specific to the M3 subtype of AML were not found on the two-dimensional electrophoresis map. The PML/RAR␣ fusion gene, expressed in ϳ95% of the patients with M3, was also shown negative by reverse transcription-PCR. The patient's diagnosis was then revised accordingly, and the treatment was changed from differentiation-inducing therapy to chemotherapy (daunorubicin combined with aracytidine). As a result, the patient gained complete remission within 3 weeks. This experience showed acute leukemia diagnosis could benefit from the analysis of the proteome of acute leukemia cells.
Alizadeh et al. (37) have subdivided an entity previously considered homogeneous by various pathologic methods into two, not only new but also prognostically relevant, subgroups by the microarray analyses. Nevertheless, it should be stressed that mRNA levels do not necessarily correlate with protein levels (10) . Moreover, disease-relevant information may also be hidden behind changes in protein modification. In addition, our data may have major implications with regard to delineating aberrant gene expression pathways underlying the pathogenesis of acute leukemia. In conclusion, our proteomic analyses show for the first time the type-specific DPPs of acute leukemia based on the FAB classification system. We could expect that the extension of the present analyses to currently less-well-defined acute leukemia would possibly identify additional subgroups of acute leukemia with clinical relevance based on their protein expression profiles. Our analyses also enable us to define the deregulated genes important for the initiation and the progression of AML. Finally, these analyses may promote the identification of new targets for specific treatment approaches.
